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A detailed analysis of the structure and function, along with evolutionary aspects, of the main plant cytosine-5 DNA methyltransferases
(C5-MTases) is presented. The evolutionary relationships between the already known and four candidate plant C5-MTases identified in this work
were investigated using the distance, maximum-parsimony, and maximum-likelihood approaches. The topologies of the trees were overall
congruent: four monophyletic groups corresponding to the four plant C5-MTase families were clearly distinguished. In addition, sequence
analyses of the plant C5-MTase target recognition domain sequences were performed and phylogenetic trees were reconstructed showing that there
is good conservation among but not within the plant C5-MTase families. Furthermore, a conserved dipeptide that plays an important role in
flipping the target base into the catalytic site of the C5-MTases was identified in all plant C5-MTases under study.
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residues is the most common modification of DNA in the higher
eukaryotes. The level of methylation ranges from 3 to 8% of
cytosines in vertebrates and from 6 to 30% in plants [1]. This
high degree of cytosine methylation in plants is attributed to the
fact that, in plants, methylation is present in both CpG and
CpNpG trinucleotides but also in some asymmetrical context, in
which N is any nucleotide, while in animals DNA methylation
usually occurs at cytosines located in CG dinucleotides [2].
Another factor is that in plants the methylated patterns are
inherited over multiple generations, as opposed to mammals [3].
DNA methylation has been implicated in a number of
cellular processes in higher plants, including regulation of gene
expression during development [4] and chromatin organization
[5]. The main purpose of DNA methylation in plants has been
proposed to be genome control by repressing the transcription
of invading and mobile DNA elements, such as transgenes,
viruses, transposons, and retroelements [6]. Transposable⁎ Corresponding author. Fax: +302106597545.
E-mail address: skossida@bioacademy.gr (S. Kossida).
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doi:10.1016/j.ygeno.2007.06.011elements threaten genome stability by transposing into introns,
hence disrupting an active host gene or modulating the
regulated expression of the host genome [6].
Cytosine-5 DNA methyltransferases (C5-MTases) accom-
plish two functions: recognition of a specific DNA sequence and
catalysis of the transfer of a methyl group from the cofactor S-
adenosyl-L-methionine (AdoMet) to carbon 5 in the pyrimidine
ring of cytosine residues [7,8]. These functions are separated
into two domains: the variable N-terminal domain and the
catalytic C-terminal domain, respectively. The C-terminal
catalytic region in plants has a structural organization similar
to the bacterial restriction methyltransferases. The C-terminus
contains 8 of the 10 conserved amino acid motifs diagnostic of
prokaryote methyltransferases separated by variable regions
[7,8], suggesting that both eukaryotes and prokaryotes have
retained a common reaction mechanism of methylating DNA.
The catalysis is accomplished by the binding of C5-MTases to
the DNA bases and the cofactor AdoMet [9].
The DNA methylation in higher plants is regulated by two
distinct but complementary activities: “de novo” and “main-
tenance” methylation. De novo methylation is the process by
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lated, resulting in the formation of new methylated patterns.
Maintenance methylation is the process by which the preexist-
ing methylation patterns are maintained after DNA replication
[1].
The plant C5-MTases that have been identified so far are
classified into four main families based on their linear domain
arrangement. Domains-rearranged methyltransferases (DRMs)
appear to be the principal de novo C5-MTases [10], whereas
methyltransferases (METs) and chromomethyltransferases
(CMTs) are presumed to be responsible for the maintenance
of GpG and CpNpG methylation, respectively [10,11]. As far
as the DNA methyltransferase homologue 2 (Dnmt2) family
is concerned, its role in C5 DNA methylation remains largely
unelucidated.
The inferred evolutionary relationships between the four
main plant C5-MTases in association with the available
structure and function data are investigated in more detail in
this paper.
Results and discussion
A comprehensive review of the phylogenetic relationships of
the four main families of plant C5-MTases along with a
summary of their structural organization, function, and evolu-
tionary aspects is presented below.
Methodological issues
Putative plant C5-MTases were initially identified by search-
ing the publicly available databases for sequences possessing
the six most highly conserved motifs in C5-MTases. The newly
identified putative proteins were aligned with the known C5-
MTase sequences. Phylogenetic trees were constructed and the
candidate proteins that group into their own subtree and not
with the known proteins were excluded from the study. Four
new proteins were identified by this method and are shown with
suffix L in Table 1.
In addition, the 13 known RNAmethyltransferases (described
in [12]) were used as initial probes in BLAST searches in the
available databases to search for candidate plant homologues. The
newly identified sequences were used in further iterative searches.
A phylogenetic tree (as described above) was generated to test if
the newly identified proteins are real RNA methyltransferase
candidates.
Redundant, partial, and alternatively spliced sequences were
not included in the phylogenetic analysis.
Sequence logo
A sequence logo was generated to determine the consensus
sequence of each of the six most highly conserved motifs
present in the plant C5-MTases. These consensus sequences can
serve as guides for the identification of potential new plant
C5-MTases.
Briefly, the conserved catalytic motifs I and X (Fig. 1A) are
involved in the AdoMet binding [7–9]. Motif IV, whichcontains the invariant prolylcysteinyl, doublet has been
identified as the functional active site of all known C5-MTases.
Motif VI provides a glutamic acid that plays an important role in
the target cytosine binding. Motif VIII is suggested to make
nonspecific contacts with cytosine, which contribute to the
neutralization of the negative charge of the DNA backbone.
Motif IX is involved in the organization of the target recognition
domain (TRD) (Fig. 1A). The variable TRD located between
motifs VIII and IX is suggested to define the sequence and base
specificity of methylation in the bacterial C5-MTases [7–9]
(Fig. 1B).
Phylogeny of plant C5-MTases
The evolutionary relationships among and within plant
C5-MTases were inferred using the distance, maximum-
parsimony, and maximum-likelihood approaches. Three trees
including all the C5-MTases listed in Table 1 were recon-
structed by employing the above methods. Overall, the trees
are congruent. The maximum likelihood-based tree shown in
Fig. 2 is the most representative of the three trees. Four
monophyletic groups corresponding to the four plant C5-
MTase families are clearly distinguished in all trees with
support values close to 100 (Fig. 2 and data not shown). Dnmt2
appears to be the most “ancient” family. The CMT family may
have evolved from the relatively most similar MET family. The
representatives of the DRM family have apparently evolved
more recently (Fig. 2 and data not shown). In all four families,
the monocot homologues form separate clades with support
values ranging from 74 to 99 (Fig. 2), suggesting that the series
of evolutionary events that gave rise to the individual families
may have occurred after the monocot–eudicot divergence. The
subtopologies are not congruent with minor deviations in the
tree topology within each family, as indicated by the low
support values in the nodes that define some deep branching
patterns (Fig. 2 and data not shown). These low bootstrap
values may suggest simultaneous differentiation from the
common ancestor.
The METI family
One of the four distinct monophyletic groups in the re-
constructed phylogenetic tree shown in Fig. 2 corresponds to
the methyltransferase I (METI) family. The representative
member of this family, the Arabidopsis thaliana METI gene,
encodes a protein with structural arrangement similar to that
of the mouse methyltransferase Dnmt1 in the C-terminal
domain and different from it in the N-terminal domain [13]
(Fig. 1B).
As shown in Fig. 1B, the N- and C-terminal domains are
joined via a stretch of alternating glycine–lysine (GK) residues,
highly similar to the SV40 large T antigen nuclear localization
signal (NLS), which can act as a nuclear targeting sequence in
tobacco [14]. There are several clusters of basic amino acids,
such as lysine and arginine, which are thought to be part of a
NLS [15]. A slightly hydrophobic region is postulated to be
responsible for targeting the enzyme to the replication foci
during DNA replication [16]. In addition, a basic-amino-acid-
Table 1
C5-MTases analyzed in this study
Protein name Organism Function Accession No.
METI family
AtMETI Arabidopsis thaliana (thale cress) Maintenance: CpG, probably CpNpG; single-copy DNA,
rRNA, and centromeric repeats [22]
AAA32829
AtMETIIa A. thaliana Maintenance [21]? NP_193150
AtMETIIb A. thaliana Maintenance [21]? NP_192638
AtMETIII A. thaliana Maintenance [21]? NP_193097
BrMET1a Brassica rapa Putative, maintenance [24]? BAF34635
BrMET2b B. rapa Putative, maintenance [24]? BAF34636
CrMET1 Chlamydomonas reinhardtii Maintenance: CpG, CpNpG, CpA, CpT;
chloroplast specific [30]
BAB91073
CrMETL C. reinhardtii Putative, unknown jgi a
DcMET1 Daucus carota (carrot) Maintenance [17]? AAC39355
DcMET2 D. carota Maintenance [17]? AAC39356
LeMET Lycopersicon esculentum Unknown CAA05207
NtMET1 Nicotiana tabacum (tobacco) Maintenance [27]? BAF36443
OsMET1-1 Oryza sativa (rice) Maintenance [23]? AAP44671
OsMET1-2 O. sativa Maintenance [23]? DAA01513
PpMETI Prunus persica (peach) Maintenance [28]? AAM96952
PsMET Pisum sativum (pea) Maintenance: CpG, CpNpG [26] AAC49931
PtMETL Populus trichocarpa Putative, unknown jgia
VcMet1 Volvox carteri Maintenance: CpG; transgenes and transposons [29]? ABD64771
ZmMET1 Zea mays (maize) Maintenance [25] AAG15406
MmDnmt1 Mus musculus (mouse) Maintenance and some de novo [38] P13864
CMT family
AaCMT Arabidopsis arenosa Unknown [31] AAB95486
AtCMT1 A. thaliana Nonessential [31] AAC02660
AtCMT2 A. thaliana Associated with heterochromatin [21]? AAK69757
AtCMT3 A. thaliana Maintenance: CpNpG in repetitive DNA and transposons
in heterochromatin [33,34]
AAK71870
BrCMT B. rapa Putative, maintenance [24]? BAF34637
HvCMTI Hordeum vulgare (barley) Maintenance of silenced state during endosperm
development [36]
CAJ01708
NtCMT N. tabacum Putative, unknown BAC53936
OsCMTL O. sativa Putative, unknown XP_476210
OsMET2a O. sativa Putative, unknown NP_912505
PtCMTL P. trichocarpa Putative, unknown jgia
ZMET2 Z. mays Perhaps maintenance: CpNpG in transposons [35] AAK11516
ZMET5 Z. mays Perhaps maintenance: CpNpG in transposons [35] AAM28227
DRM family
AtDRM1 A. thaliana De novo: CpG, CpNpG, CpNpN NP_197042
Maintenance: CpNpG, CpNpN [10,43]
AtDRM2 A. thaliana De novo: CpG, CpNpG, CpNpN AAF66129
Maintenance: CpNpG, CpNpN [10,43]
AtDRML A. thaliana Putative, unknown AAN12982
HvDnmt3-1 H. vulgare De novo?; endosperm differentiation [36] CAJ01711
MtDRML1 Medicago truncatula Putative, unknown ABE82825
MtDRML1 M. truncatula Putative, unknown ABE92108
NtDRM1 N. tabacum De novo: CpNpG, CpNpN, some CpG [44] BAC67060
OsDMT106 O. sativa Putative, unknown AAT85176
OsZmet3 O. sativa Putative, unknown AAN61474
ZmDMT106 Z. mays Putative, unknown AAM93211
Zmet3 Z. mays Putative, unknown AAF68437
MmDnmt3a M. musculus De novo: CpG, probably CpA [38] AAC40177
MmDnmt3b M. musculus De novo: CpG [38] AAC40178
Dnmt2 family
AtDnmt2L A. thaliana Putative, RNA [48]? NP_568474
CrDnmt2L C. reinhardtii Putative, unknown jgia
OsDnmt2L O. sativa Putative, unknown NP_917641
ZMET4 Z. mays Putative, unknown AAK40306
MmDnmt2 M. musculus RNA [48]? AAC40130
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Table 1 (continued)
Protein name Organism Function Accession No.
Dnmt2 family
SpPMT1 Schizosaccharomyces pombe Unknown P40999
Gmet Geobacter metallireducens Prokaryotic restriction–modification system? ABB30500
PRS b
M. HhaI Haemophilus haemolyticus Prokaryotic restriction–modification system [38] P05102
a The URL for the database is www.jgi.doe.gov/genomes.
b PRS, prokaryotic restriction–modification system.
533A. Pavlopoulou, S. Kossida / Genomics 90 (2007) 530–541rich region present in the N-terminus of Arabidopsis METI and
other METI-type proteins is known to be a possible target for
proteases, suggesting that posttranslational proteolytic proces-
sing takes place [17,18]. A region rich in glutamic acid and
aspartic acid residues is found in plant enzymes. Although the
role of this region has not been determined, conservation of the
acidic residues at the same position in the known plant C5-Fig. 1. (A) Sequence logo of the six most conserved catalytic motifs in plant C5-Mtase
(B) Linear domain organization of the plant C5-MTases. The positions of the major
NLS, nuclear localization signal; BAH, bromo-adjacent homology domain; TRD, targ
CLS, chloroplast localization signal.MTases suggests that this region may be significant for enzyme
function [19].
MET proteins also contain two bromo-adjacent homology
(BAH) domains, which also occur in other proteins implicated
in transcriptional regulation, including the origin replication
complex 1 (Orc1) protein. The BAH domain has been proposed
to function as a protein–protein interaction module. Therefore,s. The name and the proposed function of each of the motifs are indicated below.
conserved catalytic motifs of the C-terminus are indicated by roman numerals.
et recognition domain; CD, chromodomain; UBA, ubiquitin-associated domain;
534 A. Pavlopoulou, S. Kossida / Genomics 90 (2007) 530–541BAH may act in linking DNA methylation, replication, and
transcriptional regulation [20].
METI is encoded by a member of a multigene family with
four characterized genes (METI, METIIa, METIIb, andMETIII)
that contain conserved intron positions. These genes are likely
to have arisen by duplication of an ancestral gene [21]. As
shown in Fig. 2, the proteins METIIa and METIIb share the
higher degree of similarity among the METI-type proteins,
suggesting that a tandem duplication event may have occurred,
copying the two genes at the same time.
Arabidopsis METI mutants exhibited reduced CpG and (to
a limited degree) CpNpG methylation, at single-copy gene
sequences, rRNA gene repeats, and centromeric repeats [22].
Two METI homologues have been identified in rice,
OsMET1-1 and OsMET1-2 [23]. The reconstructed phyloge-
netic tree shown in Fig. 2 reveals that OsMET1-2 is more
closely related to the maize MET1, forming a separate clade
with support values close to 100. This observation triggers the
speculation that either the rice C5-MTases are products of a
very early gene duplication or they represent two distinct
classes of METI genes. Two putative METI-type C5-MTases
were also obtained from carrot [17] and Brassica rapa [24].
The phylogenetic analysis in Fig. 2 suggests that the two sets
of METI-type proteins, DcMET1 and DcMET2, as well as
BrMET1a and BrMET1b, are products of recent gene
duplication. Surprisingly, a single maize gene was identified
within the MET1 family, taking into account that maize is an
ancient tetraploid. One possible explanation is that a second
orthologous gene existed, but got lost during the course of
evolution.
The METI-type proteins of the Brassicaceae plants, A.
thaliana and B. rapa, cluster apart from the other plant METI
proteins, forming a separate branch of the tree (Fig. 2).
Moreover, the A. thaliana and B. rapaMETs form two coherent
clades within the Brassicaceae branch (Fig. 2), suggesting that
the METI family arose by a series of duplication events that
probably followed plant speciation.
The transcripts of all the characterized METI-type proteins
were localized predominately in actively proliferating cells,
further supporting the hypothesis that expression of the genes
belonging to the METI family is associated with DNA
replication to ensure the faithful transmission of methylation
patterns in the subsequent cell generations [21,23–28].
The algal METI subfamily
As shown in Fig. 2, the algal METs VcMet1 and CrMET1
appear to have evolved rather recently, forming their own
distinct and highly supported monophyletic group. Both
VcMet1 and CrMET1 are more related to the homologous
murine protein than to the flowering plants (Fig. 2). This
“animal-like” nature of VcMet1 is partially explained by the fact
that no GpNpC trinucleotide or asymmetric (CpNpN) methyla-
tion was detected, as in the case of plants; instead, the
methylation is confined mainly to the CpG dinucleotides, as in
the case of animals [29].
Regarding CrMET1, this protein was shown to be responsible
for gamete-specific chloroplast hypermethylation, whichmay becrucial for the maternal inheritance of the chloroplast genes [30].
No similarity in the N-terminus to known METI-type proteins
was seen, except for a signal peptide for chloroplast transloca-
tion (Fig. 1B). Moreover, a threonine-rich region is present
between motifs VI and VIII (Fig. 1B). CrMETI appears to be a
multipurpose enzyme since it was demonstrated to methylate
cytosines in different sequence contexts [30] (Table 1). A
Chlamydomonas putative protein displaying 96% amino acid
identity with CrMET1 in their C-terminal catalytic domains was
identified in silico (Fig. 2).
The unique CMT family
The second major monophyletic group shown in Fig. 2
corresponds to the CMT family [31]. Representatives of this
family have been found only in plants thus far. CMTs are
distinguished by the insertion of a chromodomain amino acid
motif between the conserved motifs II and IV (Fig. 1). The
chromodomain (chromo for chromatin organization modifier), a
conserved region of ∼60 amino acid residues, is presumed to
have an ancient evolutionary origin as a nucleic acid-binding
module. Chromodomains are found in the Drosophila proteins
Polycomb and heterochromatin 1 and are critical for guiding
these proteins to heterochromatin, suggesting a role for CMT in
modifying DNA in heterochromatin [32].
The founding member of the CMT family is the Arabidopsis
CMT3. AtCMT3 deficiency leads to global loss of CpNpG
methylation at repetitive centromeric regions (with minor loss
of CpG methylation) and to transposon reactivation [33,34].
Two CMT genes were identified in maize by Papa et al. [35],
Zea methyltransferase 2 (ZMET2) and ZMET5. As shown in the
phylogenetic tree in Fig. 2, ZMET2 and ZMET5 proteins form a
distinct clade with a support value of 100. The maize ZMET2
and ZMET5 are probably paralogues resulting from the
tetraploid ancestry of maize and not from tandem duplications,
and they share a higher degree of similarity with the barley
HvCMT [36] (Fig. 2).
CMTs apparently evolved after the plant radiation and their
function is conserved across plant species ranging from
monocots to eudicots. The reconstructed phylogeny in Fig. 2
reveals that A. thaliana CMTs do not group together, as
opposed to the METI proteins. This probably results from the
gene duplications within the CMTase family having occurred
more recently than the plant speciation, which allowed the
separate evolution of the CMT1I, CMT2, and CMT3 genes.
The plant CMTs and the fungal Masc2 and RID C5-MTases
are implicated in the control of repetitive DNA elements [37].
CpNpG sites are particularly abundant in repetitive DNA
sequences, and they are found to a significantly higher degree in
the heterochromatic regions. CpNpG methylation may have
evolved to maintain the methylation status in the heterochro-
matic regions of the plant genome [35]. The interaction of the
chromodomain motif with chromatin proteins may direct CMTs
to the targeted heterochromatic regions [31]. Furthermore,
CMTs may have evolved to methylate and inactivate transposon
and retrotransposon elements that had developed non-CpG
promoters and are resistant to CpG methylation. The CpG
dinucleotide was probably the preferential target sequence for
Fig. 2. Phylogenetic analysis to infer the evolutionary relationships between the plant C5-MTases by employing the maximum-likelihood method. Protein names are shown in Table 1. The bootstrap values are indicated
at the nodes. The scale bar at the upper right denotes a length of 0.5 amino acid substitution per site. The bacterial C5-MTase HhaI was used as an outgroup.
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536 A. Pavlopoulou, S. Kossida / Genomics 90 (2007) 530–541methylation in the common ancestor of vertebrates and
flowering plants. Therefore, the CMT proteins maintain
CpNpG methylation in plants, offering an evolutionary advan-
tage to the plants [38].
The known CMT sequences were used to perform BLAST
searches of the publicly available sequence databases. No CMT
homologue was detected in the genome of Volvox carteri. The
existence of a CMT copy in the genome of this species that lacks
discernible CpNpG methylation would be dispensable. No
CMT homologues were found in the genomes of Chlamydo-
monas reinhardtii and Pisum sativum either. The METI-type
proteins of both of these species were shown to methylate
CpNpG together with CpG sites (Table 1), hence rendering the
presence of a CMT orthologue unnecessary. It has been
suggested that PsMET’s target-site dual specificity is attributed
to the presence of two distinct TRDs [18]. One intriguing
possibility is that more than one TRD responsible for target-site
multiple specificity exists in CrMET1. The CrMET1 TRD is
much larger than in the other plant C5-MTases; therefore there
is plenty of space to accommodate tandem TRDs.
It is tempting to think that METs methylated both CpG and
CpNpG sites. After the emergence of the “chimeric” chromo-
containing CMTs, METs possibly narrowed their preference to
CpG methylation targets. The fact that AtMETI was shown to
methylate CpNpG sites to a lesser degree (Table 1) is probably
reminiscent of an ancient CpNpG-site methylating activity of
the METI-type proteins.
A single BAH domain is present in the CMTs, as opposed to
MET1 proteins, which contain two BAH domains (Fig. 1B),
suggesting similar functions for these two C5-MTase families.
As mentioned above, BAH is thought to link DNA methylation,
replication, and transcription [20]. In addition, the second BAH
domain in the rice METI-type proteins bears a putative NLS
[23]. This piece of evidence leads to the suggestion that BAH
might target the METI and CMT3 proteins to the replication
fork during the S phase to methylate cytosine residues in CpG
and CpNpG sites, respectively, in newly replicated daughter
strands following semiconservative DNA replication. In this
way, the maintenance of the methylation patterns and the
transcriptionally silenced states is ensured.Fig. 3. Proposed mechanism for de novo and maintenance DNA methylation in plan
pair intramolecularly to produce dsRNA. The dsRNA is cleaved into small interfering
homologous DNA sequences. DRM by acting in a redundant manner with CMTs m
CpG methylation.The unorthodox DRM family
The third distinct clade in the reconstructed tree in Fig. 2
corresponds to the DRM family of plant methyltransferases.
This family is composed of members that are more closely
related to the mammalian de novo Dnmt3 C5-MTases than to
other plant C5-MTases (Fig. 2) [39]. Unlike Dnmt3, DRM
proteins demonstrate circular permutation of their catalytic
domain motifs, such that motifs VI–X precede motifs I–V [39]
(Fig. 1B).
There are two accepted models for circular permutation in
C5-MTases. The first model assumes that in the case of DRMs,
the order of a gene fragment containing the conserved motifs I–
V and another containing motifs VI–X was first reversed and
then the two gene fragments were fused together. A favorable
hypothesis is that the original motif I and motif X of the
primordial C5-MTase protein became joined, leading to a
circularized protein that cannot be regarded as a possible
intermediate in molecular evolution. The new termini generated
within this protein, such as motif VI residing in the N-terminus
and motif V in the C-terminus, gave rise to the DRMs [40,41].
The second model assumes that duplication of the precursor C5-
MTase gene occurred first, followed by generation of a new start
codon in the middle of the first gene copy and a stop codon at an
equivalent position in the second gene copy. In-frame fusion of
the two gene fragments led to the generation of the permuted
DRM protein [40,41].
Despite this rearrangement, the overall tertiary structure of
the catalytic domain is preserved, since examination of the
crystal structure of the bacterial HhaI C5-MTase (Fig. 2)
revealed that motifs I and X, which form the S-AdoMet binding
site, occupy similar positions in the three-dimensional structure.
Therefore the function of the methyltransferase domain is
probably retained [39]. A bacterial C5-MTase homologue,
BssHII, shows circularly permutated motifs [42], as well.
DRM proteins are found only in plants. Putative amino acid
sequences of DRMs have been identified in Arabidopsis,
maize, tobacco, rice, barley, and Medicago truncatula (Fig. 2).
The order of the catalytic methyltransferase motifs is the same
in all plant species, suggesting that the rearrangement of the
conserved motifs occurred prior to the monocot–eudicotts. Transcription through an inverted repeat produces an RNA molecule that can
RNAs. siRNAs guided by DRM1/2 trigger de novo methylation of unmodified
aintains CpNpG and CpNpN methylation. METI is responsible for maintaining
Fig. 4. (A) Phylogenetic tree of the TRD amino acid sequences of the plant C5-MTases. The explanations are the same as for Fig. 2. (B) Sequence alignment of the variable region of the plant C5-MTases. The candidate
conserved dipeptides are denoted as white residues on black background. The residues conforming to the consensus sequence motif are indicated by gray shading. The asterisks indicate the residues that are not potential
dipeptides. The mammalian protein names are shown in boldface.
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538 A. Pavlopoulou, S. Kossida / Genomics 90 (2007) 530–541divergence. DRMs share a high degree of similarity, suggesting
products of a recent duplication event [39] (Fig. 2).
Two DRM proteins are encoded in the genomes of Arabi-
dopsis and M. truncatula, which are most likely recent
duplicates. The AtDRM1 and AtDRM2 proteins are responsible
for de novo methylation of cytosine residues in all known DNA
sequence contexts, CpG, CpNpG, and CpNpN, by a process
called RNA-directed DNA methylation [10,43]. In this process,
double-stranded or short RNAs (siRNAs) produced from
inverted repeats guide DRMs to catalyze methylation of
unlinked homologous DNA sequences.
NtDRM was shown to methylate selectively only CpNpG
and CpNpN sites. These observations led to the suggestion that
the DRMs may have evolved to methylate specifically non-CpG
sites that are found only in plants [44]. Genetic studies have
demonstrated that methylation of the non-CpG sites is regulated
by a pathway different from the one that controls methylation inthe CpG sites [2]. In CpG methylation, after DNA replication,
methylated cytosines serve as templates for methylating
unmodified cytosines on the newly synthesized strand. In
non-CpG methylation, in which m5CpG on the opposite strand
is absent [1], a de novo C5-MTase is likely to maintain
methylation in these sites. Indeed, AtDRMs and AtCMT3 were
shown to act redundantly in a locus-specific manner to maintain
CpNpG and CpNpN methylation [43,45] (Fig. 3).
In their N-terminus the DRM proteins contain ubiquitin-
associated (UBA) domains, which are not present in other
eukaryotic methyltransferases. UBA domains show a conserved
hydrophobic patch on the solvent-accessible surface, which
may be a common protein-interacting interface [46]. It is
plausible to assume that, in a similar manner, the UBA domains
present in DRMs might recruit the DRMs to certain DNA
regions targeted for de novo methylation by interacting with
chromatin proteins.
No DRM orthologues were detected in the genomes of
C. reinhardtii and V. carteri. The mammalian homologue of the
two algal enzymes was shown to have some de novo activity,
triggering the speculation that the animal-like algal METI-type
enzymes (Fig. 2) may serve as de novo C5-MTases as well.
Moreover, CrMET1 lacks the BAH domains (characteristic of
the maintenance C5-MTases), rendering it less specific in its
methylation target sites.
Three DRM-like proteins, ZmDMT106, OsDMT106, and
AtDRML, with unknown functions form a separate and
highly supported clade in the phylogenetic tree in Fig. 2.
Furthermore, Pfam searches revealed that these proteins do
not possess any UBA domains, characteristic of the DRM-
type proteins.
The mysterious Dnmt2 family
The fourth monophyletic group corresponds to the Dnmt2
family of C5-MTases (Fig. 2). The structural features of the
members of this family bear a great resemblance to those of
bacterial C5-MTases, since they lack the N-terminus present in
the other C5-MTases [1] (Fig. 1B).
Plants encode Dnmt2 proteins highly similar to the murine,
bacterial, and yeast C5-MTases of this family. As shown in Fig.
2, plant Dnmt2 proteins group together, suggesting divergence
of the plant Dnmt2 homologues after the plant radiation.
The presence of a bacterial orthologue in the Dnmt2 family
led to the widely accepted view that the C5-MTases proteins
may have evolved from prokaryotic methyltransferases that are
associated with the restriction/modification system by lateral
transfer of genetic material [47].
It has been demonstrated though that Dnmt2 homologues
have failed to methylate DNA substrates to a significant extent
(reviewed in [38]). Moreover, in an experimental study, Goll et
al. [48] generated Dnmt2-deficient strains of A. thaliana, Dro-
sophila melanogaster, and mouse and showed that tRNAAsp
from these Dnmt2 mutants is methylated to a significant extent
by human DNMT2 at a cytosine residue at C5 position [48].
This observation triggered the speculation that Dnmt2 proteins
and the other C5-MTases may have evolved from an ancestral
eukaryotic Dnmt2L RNA methyltransferase [48].
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transferase homologues in the plant genomes (details provided
under Methodological issues). Although A. thaliana, rice, and
C. reinhardtii RNA MTase homologues were found, no
homologues were detected in the genome of maize. These
findings add further support to the argument that DNA C5-
MTases are probably “molecular relics” of a primordial RNA
MTase. It is plausible to assume that ZMET4 might
compensate for the absence of an RNA methyltransferase
possibly by methylating RNA substrates in the genome of
maize.
Phylogenetic and sequence analysis of the TRDs of plant
C5-MTases
The TRD is a small region between motifs that are involved
in catalysis and AdoMet cofactor binding (Fig. 1). The TRD
provides invariant residues that possibly contribute to target
DNA recognition either by contacting the bases within the
target sequence or by maintaining a molecular scaffold of
amino acid residues that in turn interact with the target base
pairs [49].
To assess the conservation level of the TRD amino acid
sequence in plant C5-MTases, an evolutionary tree was
reconstructed based solely on sequences that correspond to
the TRDs of the four families of plant C5-MTases (Fig. 4A).
The TRDs show great heterogeneity both in size and in
sequence among the plant C5-MTase families (Fig. 4A). The
amino acid sequences of the TRDs of the CMT and MET
families display great similarity, as shown in Fig. 4A. The TRDs
of the DRM family members are shorter in size and form a
coherent branch of the tree. The TRDs of the Dnmt2 family
appear to be the more divergent, falling into their own separate
clade with a support value of 100. This divergence reflects the
differences in the target recognition sequences of the Dnmt2
family (probably RNA substrates). The TRD sequence of
PsMET showed significant similarity to the TRDs of the other
METI-type proteins, both in size and in sequence. This is in
striking contrast to a previous suggestion for the presence of two
tandem TRDs [18] (Fig. 4A).
In sum, the phylogenetic tree in Fig. 4A revealed that the
TRDs of plant C5-MTases with the same or similar target
recognition properties usually group together forming coherent
branches of the tree.
A comparison between the reconstructed phylogenies in Figs.
2 and 4A reveals that the evolutionary relationships of the plant
C5-MTase TRD sequences are more strongly resolved among
rather within the plant C5-MTase families. For instance, the
TRDs of the Chlamydomonas proteins, which are exceptionally
long, sort into their own subtrees and not with the other
sequences (Fig. 4A). AtDRML and AtMETI TRDs clustered
apart from their corresponding monophyletic groups, as well
(Fig. 4A).
In a previous work, Vilkaitis et al. [50] aligned amino
acid sequences of bacterial and eukaryotic C5-MTases at the
C-terminal regions of their TRDs and identified a consensus
dipeptide, T(L,V,I), within 12–40 residues upstream of theconserved motif IX. The conserved threonine residue was
suggested to play a significant role in flipping the target
base into the catalytic site of the C5-MTases. In the same
work a consensus sequence, (YFW)x(RK)x5P(STCA)PTL
(TASV)x5–16H(PYFWL), was discerned.
The above motif served as a template for aligning the TRD
sequences of plant C5-MTases (shown in Fig. 4B). The
conserved dipeptides are shown in white on a black
background. The dipeptides that conform to the broader
consensus motif but are not potential TIs are indicated by
asterisks. Only two “true” dipeptides were identified in the
TRDs of the METI family, the ones in the CrMET1 and
CrMETL (Fig. 4B).
Surprisingly, a TI dipeptide was identified by visual
scanning of the TRDs of the plant DRM proteins, located 14
nucleotides downstream of the conserved motif VIII, the N-
terminal instead of the C-terminal section of the TRD region
(Fig. 4B). Nevertheless, the TI dipeptide is conserved in the
C5-MTases Dnmt3a and Dnmt3b, mammalian counterparts of
the plant DRMs, located 22 nucleotides upstream of the motif
IX. The neighboring amino acid residues that conform to the
consensus sequence motif are conserved, as well (Fig. 4B, gray
shading).
In agreement with the phylogenetic analysis results revealed
in Fig. 4A, the consensus sequences of the variable regions of
the three Chlamydomonas enzymes differed significantly from
the rest (Fig. 4B). Moreover, the METI family displays a great
divergence in its consensus dipeptides. In striking contrast, the
other three families exhibit total conservation of their consensus
dipeptides (Fig. 4B).
Concluding remarks
In summary, the results of the phylogenetic analyses
conducted in this study lead to the suggestion that there is
good conservation among but not within the plant C5-MTase
families. Furthermore, the TRD sequence phylogenetic analysis
revealed that there is a correlation between the divergence in the
plant C5-MTase amino acid sequences and the differences in
their target recognition sequence specificities.
The Dnmt2 family might have evolved from RNA
methyltransferases and probably retained its preference for
RNA substrates. More biochemical experimental studies should
be conducted to explore this possibility. We speculate that the
METI family was a multispecific family that methylated both
CpG and CpNpG target sequences, but during the course of
evolution it restricted its specificity to CpG target sequences.
The algal CrMET1 is likely to constitute a separate family of
chloroplast-specific maintenance C5-MTases with a unique and
specialized function.
CMTs would likely have evolved from METs by acquiring a
chromodomain to methylate exclusively CpNpG target sequen-
ces in heterochromatic regions. DRMs may have evolved
relatively recently to establish methylation in all sequence
contexts, but preferentially at CpNpG and CpNpN sites. Their
rearranged catalytic domain is probably responsible for the
methylation in the non-CpG sites.
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Nomenclature
To avoid confusion, the protein names that were mentioned in the original
references were used. The letter L (for “like”) was used as a suffix to indicate the
four newly identified plant C5-MTases as well as the putative C5-MTases that
were not named sufficiently in GenBank (Table 1).
Identification of potential plant C5-MTases
The MTase domains of the plant C5-MTases annotated in GenBank were
used as probes to search for MTase domains in the publicly available databases
using the BLAST program accessed through http://www.ncbi.nlm.nih.gov. The
newly identified protein sequences were aligned with the known protein
sequences. The six most highly conserved motifs present in the C5-MTases (Fig.
1A) served as anchor points for the global alignment of these proteins. The
sequences that possessed the six motifs were used in a subsequent Pfam search,
which was available through http://www.sanger.ac.uk/Software/Pfam/search.
shtml. An expectation (E) value of 103 instead of the default threshold of 1.0 was
used to detect weak similarities.
Phylogenetic analysis
Sequences used in this analysis along with their accession numbers are
given in Table 1. Alignments of the conserved motifs of the C-terminal
catalytic domain and adjacent sequences were performed by using the
CLUSTAL W (http://www.ebi.ac.uk/clustalw) program. A deletion in the
variable region between motifs VIII and IX of plant C5-MTases was
introduced to optimize the alignment. The chromodomain present in CMT
proteins was also deleted in the sequence alignment to avoid unreasonable
penalties. To avoid an alignment penalty due to the circular permutation of the
catalytic motifs in the DRM proteins, the motifs were rearranged at their point
of rearrangement.
The evolutionary relationships between the plant C5-MTases were inferred
using the distance, maximum parsimony, and maximum likelihood. A distance
matrix method was applied to calculate the distances in a matrix form
between all the protein pairs; a tree was generated employing the minimum-
evolution method. In the maximum-parsimony (MP) method, a tree was
obtained that represents the minimum number of amino acid substitutions per
site to explain the differences observed among the protein sequences.
According to the maximum-likelihood (ML) method, the protein sequences
under study were added in a stepwise manner to a growing tree followed by
topological rearrangements. The tree likelihood was computed for each
possible aligned position and rearrangement (http://www.icp.ucl.ac.be/
~opperd/private/phylogeny.html).
For the distance and MP methods, phylogenetic analyses were conducted by
using the MEGA3 program downloaded from http://megasoftware.net. For the
ML method, the PHYML program was employed, available at http://atgc.lirmm.
fr/phyml. The robustness of the inferred trees was tested by bootstrapping. The
consensus trees were deducted from 100 bootstrap trials. The phylogenetic tree
of the plant TRD amino acid sequences was generated by using the ML method.
Sequence logo
Sequences of the six catalytic motifs with less than 80% identity were used
as input to LOGO (http://weblogo.berkeley.edu/logo.cgi). The sequences were
edited manually to correct for insertions. The height of each letter is proportional
to the frequency of the corresponding amino acid, and the letters are ordered so
the most frequent one is on the top.Acknowledgment
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